So-called 'hydrostatically coupled' dielectric elastomer actuators (HC-DEAs) have recently been shown to offer new opportunities for actuation devices made of electrically responsive elastomeric insulators. HC-DEAs include an incompressible fluid that mechanically couples a dielectric elastomer based active part to a passive part interfaced to the load, so as to enable hydrostatic transmission. Drawing inspiration from that concept, this paper presents a new kind of actuators, analogous to HC-DEAs, except for the fact that the fluid is replaced by fine powder. The related technology, here referred to as 'granularly coupled' DEAs (GC-DEAs), relies entirely on solid-state materials. This permits to avoid drawbacks (such as handling and leakage) inherent to usage of fluids, especially those in liquid phase. The paper presents functionality and actuation performance of bubble-like GC-DEAs, in direct comparison with HC-DEAs. For this purpose, prototype actuators made of two pre-stretched membranes of acrylic elastomer, coupled via talcum powder (for GC-DEA) or silicone grease (for HC-DEA), were manufactured and comparatively tested. As compared to HC-DEAs, GC-DEAs showed a higher maximum stress, the same maximum relative displacement, and nearly the same bandwidth. The paper presents characterization results and discusses advantages and drawbacks of GC-DEAs, in comparison with HC-DEAs.
INTRODUCTION
In order to improve versatility and safety of dielectric elastomer actuators (DEAs) [1] [2] [3] for certain fields of application, socalled 'hydrostatically coupled' DEAs (HC-DEAs) have recently been shown to offer new opportunities 4 . HC-DEAs are based on an incompressible fluid that mechanically couples a DE-based active part to a passive part interfaced to the load, so as to enable hydrostatic transmission. Such an elementary general concept can be exploited in several ways, by designing devices with different structure, shape and intended functionality [4] [5] [6] . As an example, the structure of a bubblelike HC-DEA includes the following parts 4, 5 : an electromechanically active membrane, made of a DE film coated with compliant electrodes; an electromechanically passive membrane, working as the end effector in contact with the load; an incompressible fluid contained between the two membranes. Both membranes are radially constrained by bonding them to a hollow stiff support. Actuation of the active membrane through a voltage difference applied between its electrodes exerts onto the fluid a pressure, which is hydrostatically transmitted to the passive membrane. The active membrane buckles outwards, owing to its pre-curvature, while the passive membrane follows inwards, driven by hydrostatic transmission. This principle allows for safe transmission and delivery of actuation from the active membrane to the load, without any direct contact between them.
General features and advantages of HC-DEAs are discussed elsewhere 4 . They include directionability of transmission, remote allocability and scalability of the end effector, modulability of displacements and forces, maximization of electromechanical coupling, self-compensation against load-induced deformations, and electrical safety 4 . Performance of centimetre-sized and millimetre-sized prototype actuators made of silicone and water or oil has been reported recently 4, 5 .
Though effective, HC-DEAs show a fundamental drawback: the need for a fluid introduces peculiar challenges, evidently not typical of any other solid-state DE technology. For instance, usage of fluids has a significant impact on the complexity of the manufacturing process, especially when the fluid is in liquid phase, owing to need to 'handle' it and properly seal the structure. Moreover, depending on the specific membrane-fluid couple, fluid leakage may occur even across the membrane 5 . In fact, the latter might be permeable to the fluid, depending on several factors, including chemical composition and molecular size. Diffusion, which might occur with different time constants (limiting the actuator lifetime to different time scales, ranging from minutes to weeks or more), might also be improved by actuation, owing to possible facilitations of transport phenomena.
Clearly, the possibility of avoiding the presence of a fluid, especially in liquid phase, while preserving somehow its advantageous function of hydrostatic transmission, would be beneficial.
Aimed at satisfying such a need, this paper presents a new kind of actuators, analogous to HC-DEAs, except for the fact that the fluid is replaced by fine powder, as shown in Fig. 1 . The working principle is analogous to that of HC-DEAs, although the actuator is entirely made of solid-state materials. The related technology is here referred to as 'granularly coupled' DEAs (GC-DEAs). This paper presents the functionality and actuation performance of bubble-like GC-DEAs in direct comparison with HC-DEAs. For this purpose, prototype actuators made of two membranes of an acrylic elastomer, coupled via talcum powder (for GC-DEA) or silicone grease (for HC-DEA), were manufactured and comparatively characterized, as described in the following sections.
This paper presents a selection of results of a work that is described more extensive elsewhere 7 .
MATERIALS AND METHODS
Prototype actuators were manufactured using for each membrane an acrylic elastomer film (VHB 4910, 3M, USA), widely studied [1] [2] [3] . During manufacturing, the film was bi-axially pre-stretched by 4 times, causing a thickness reduction from the rest value of 1 mm down to the pre-stretched value tp≅62.5 µm. One pre-stretched membrane was made active by coating both sides of it with carbon grease (Carbon Conductive Grease 846, M.G. Chemicals, Canada).
The transmission medium between the two membranes of the GC-DEA was talcum powder (Talco Felce Azzurra, Paglieri Profumi, Italy). This kind of powder was employed simply as an example of cost-effective and readily-available material for proof-of-concept testing. The powder consisted of grains having irregular shape and size distributed within the range 10-100 µm, approximately.
The transmission medium used in the HC-DEA was silicone grease (8462, M.G. Chemicals, Canada). Usage of such a kind of fluid for HC-DEAs has never been reported before. While previous investigations, focused on water, synthetic oils and vegetable oils [4] [5] [6] , have shown the remarkable performance achievable with fluids in liquid phase, they have also emphasized related challenges and drawbacks, especially in terms of actuator manufacturing (for liquid handling and sealing) and lifetime (owing to the compatibility between liquid and membrane). As a significant difference explored in this work, grease seems to offer an interesting trade-off, in terms of simplification of the manufacturing process, while introducing with respect to liquids a viscosity increase still acceptable, at least for the actuator size considered here.
To assemble each actuator, the passive and active membranes were sandwiched between two plastic frames (0.15 mm and 2 mm thick, see Fig. 1 ) having a circular hole of radius R=10 mm. The frames provided the actuator with both support and in-plane radial constraint. Binding between membranes and frames was easily achieved owing to the inherent adhesiveness of the VHB film. While combining the two membranes, the volume between them was filled with the coupling medium, so that the pressurized passive membrane reached an apical height (from the base plane, see Fig. 1c ) h0≅1.45 mm (for the powder-filled GC actuator) and h0≅1.78 mm (for the grease-filled HC actuator). Owing to the device symmetry, h0 was also the apical height of the active membrane.
It is worth stressing that, while the initial intention was to compare actuators having exactly the same height h0, this was evidently not achieved, owing to the (manual) fabrication process. Nevertheless, the occurred difference in eight h0 did not correspond to any significant difference in the pressurized membrane thickness t0 (Fig. 1c) of the two actuators. This means that, for any applied voltage, no significant difference of applied electrostatic stress occurred between the two actuators.
Tab. 1 summarizes the construction materials and parameters of the two actuators.
Tab. 1. Construction materials and parameters of the bubble-like GC-DEA and HC-DEA. 
RESULTS
Static electromechanical performance is presented in Figs. 2 and 3, which respectively plot the relative apical displacement and force, as a function of the applied voltage. Dynamic electromechanical performance of the two actuators is presented in Fig. 4 , which s reports the spectrum of the maximum relative displacement normalized by its value at low frequency (0.1 Hz) and expressed in decibels (i.e. 20⋅log(normalized displacement)). The bandwidth was found to be independent of the transmission medium and equal to 3 Hz (Fig. 4) . A performance summary for the two actuators is reported in Tab. 2.
Tab. 2. Actuation performance comparison between prototype bubble-like GC-DEA and HC-DEA. 
DISCUSSION
Results of this work demonstrate feasibility of using a solid powder as a transmission medium to couple a passive and an active DE membrane for actuation. This represents a proof of concept of GC-DEAs, and shows the efficacy of using talcum powder for such a purpose.
The investigations performed in this study provide also a characterization of silicone grease as a transmission medium for HC-DEAs. This extends the knowledge on that technology, as previous studies 4, 5 had been limited to fluids in liquid phase only. The grease is proved here to offer an attractive choice for HC-DEAs, as it combines performance with evident reduction of manufacturing complexity (as compared to liquids).
The following sections present comparisons between the two actuation technologies.
Electromechanical Performance: Powder versus Grease

Displacement
In terms of absolute and relative displacement, talcum powder caused a lower response than silicone grease (Fig. 2) . Nevertheless, at high voltages the difference progressively decreased, owing to the dissimilar trend of the curve exhibited by the two materials. The maximum relative displacement recorded during static tests was nearly equal for the two materials (Fig. 2) . The smaller displacement shown by the talcum powder at lower voltages is indicative of a reasonably higher stiffness.
Force
The stress with the powder was higher than that of the grease at any voltage, becoming 1.58 times greater at 4.4. kV (Fig.  3) . The reason for a higher stress is still on debate. As a possible interpretation, the higher viscosity of the powder limits its ability to 'slide' laterally when the membrane relaxes against the measuring tool, as soon as the voltage is switched off. In other words, the lower viscosity of the grease allows it to re-arrange more easily, so that the pressure exerted by the passive membrane onto the tool is lowered, as compared to the case of the powder. The fact that the grease laterally re-distributes more easily than the powder, reducing the pressure exerted on the central portion of the top membrane, seems to be not only reasonable, but also supported by experimental evidences (not reported in this work): in fact, by using tools with smaller areas, we have observed lateral bulging at high voltages.
Dynamic properties
Interestingly, the overlapping curves of the normalized frequency response (Fig. 4) show that the dynamic performance of these bubble-like DEAs does not significantly vary by exchanging the internal coupling medium between grease and powder.
Advantages and Drawbacks: HC-DEAs versus GC-DEAs
General issues of HC-DEAs and GC-DEAs are compared in the following sub-sections.
Implementation: Material Choice
Concerning the material choice for the actuator implementation, the main challenge of HC-DEAs is represented by the identification of the most suitable fluid compatible with the adopted membrane, or vice-versa, depending on the primary requirements of the application. Compatibility should be evaluated in terms of impermeability of the membrane to the fluid, by ensuring that diffusion of the latter across the membrane is avoided or limited as much as possible. In fact, of course it might lead to premature electrical breakdown (with conductive fluids) and/or fluid leakage 5 . As diffusion is regulated, for any given fluid, by the composition and structure of the elastomer, as well as the thickness of the membrane, the identification of suitable membrane-fluid couples is a time-consuming process. Specifically, it requires testing the device both at rest (to investigate shelf lifetime) and under static and dynamic actuation (as membrane deformations are likely to improve diffusion).
Such a kind of drawback does not pertain to GC-DEAs, as solid powders are expected not to significantly diffuse across the membrane. Fundamental requirements for powders to be used in GC-DEAs are primarily limited to the grain size, density and resulting viscosity, which should comply with the application needs.
Manufacturing Challenges
Concerning manufacturing of HC-DEAs, the need for a fluid might result in a more or less tolerable complication, depending on the size of the actuator and the specific technique developed to 'handle' the fluid and seal the structure.
For GC-DEAs the situation is different. In fact, at least sealing does not evidently represent a challenge. Accordingly, the use of a powder as a coupling medium is prone to simplify the overall manufacturing process, as compared to a fluid, especially when the latter is in liquid form.
According to 8 , granular materials are "the second-most manipulated material in industry (the first one is water), encountered, for instance, in technological applications ranging from pharmaceutical, food, powders, mechano-synthesis and semiconductor industries". This fact might optimistically be regarded as encouraging in order to fostering future manufacturing processes for GC-DEAs.
By the way, given the lack of any established theoretical framework to describe granular dynamics, manufacturing processes for GC-DEAs should be developed through iterative empirical attempts (trial and error). Actually, industrial manipulations of granular systems in general are mostly based on empirical observations today 8 .
Shelf Lifetime
Since a powder does not significantly diffuse within the elastomer membrane, the actuator shelf lifetime of a GC-DEA is expected to be longer or at least equal to that of an HC-DEA made of the same membrane.
Self-Compensation Against Distortions Caused by the Load
For both HC-DEAs and GC-DEAs the coupling medium (fluid or powder) allows for 'self-compensation' against structural distortions that might be introduced by the load. In fact, eventual local changes of shape or thickness of the passive membrane tend to be compensated by an occurring redistribution of the medium, so as to limit the impact on the actuation membrane. This effect tends to preserve the uniformity of the profile and thickness of the latter, and, thus, to maintain its performance. Especially, for a constant-voltage driving, it reduces the likelihood of premature dielectric breakdown due to localized excessive thinning of the membrane.
Nevertheless, self-compensation can under-perform in case of usage of a powder rather than a fluid. In fact, the latter is able to 'slide' better than a powder, so that re-arrangements can be more significant and effective.
By the way, self-compensation ability is expected to largely depend, for any given coupling medium, also on the size and form factor of the device. In fact, a key role seems to be played by both the amount of volume to be 'displaced', and the directions and lengths of 'sliding'. So, a fluid or a powder might also behave alike with respect to this effect. For instance, this was found to be the case of the small and thin actuators developed in this work.
Maximum Allowed Size
The higher viscosity of a powder, as compared to that of a fluid, might limit the maximum size allowed for GC-DEAs. In fact, the necessary change of membrane curvature during actuation requires a re-arrangement of the internal coupling medium. As the re-distribution should occur over greater distances by increasing the actuator size, the maximum limit might be correlated to the viscosity of the medium, i.e. to its frictional properties.
Bandwidth
No conclusive evidences are available yet on the effect of an internal fluid or powder on the actuator bandwidth. While in principle the inertia and viscosity of different media might introduce a different limitation on the bandwidth, their effect might reasonably be emphasized or attenuated by the size and form factor of the device (as for the aforementioned effects). For instance, although for the specific type of actuator studied in this work the powder and grease did not introduce any difference in bandwidth (Fig. 4) , further experimental investigations and ad-hoc models are certainly needed to properly assess the behaviour of these (as well as other) media on different devices.
Electrical Safety
Both HC-DEAs and GC-DEAs are electrically safe for the load in contact with the passive membrane, as the latter is not connected to any electrical source. In case of rupture of the passive membrane, with outflow of the coupling medium, the conductivity of the latter limits electrical safety. Clearly, usage of insulating fluids and powders makes the device safe.
In case of even more severe ruptures, with exposure of the internal electrode to the load, further electrical protection is obtained by maintaining the electrode continuously connected to ground (instead of floating with respect to it). This is enabled by available high-voltage driving systems.
Working Temperature Range
The working temperature range of HC-DEAs is mostly limited by thermal properties of both membrane and fluid. Especially, the latter would typically exhibit a narrower range, unless media or additives with ad-hoc properties are used.
Such a kind of drawback does not pertain to GC-DEAs, as most of solid powders which might be considered are expected to show better thermal performance than that of the membrane. Therefore, for GC-DEAs the working range is mostly limited by thermal properties of the membrane only.
BComparative Summary of General Issues
A synthesis of the general issues discussed above is reported in Tab 
CONCLUSIONS AND FUTURE DEVELOPMENTS
Bubble-like GC-DEAs and HC-DEAs made of two pre-stretched membranes of acrylic elastomer, coupled via talcum powder or silicone grease, respectively, were manufactured and comparatively characterized. As compared to HC-DEAs, GC-DEAs showed a higher maximum stress (2.1 kPa), the same maximum relative displacement (-100%), and nearly the same -3dB bandwidth (3 Hz).
As compared to HC-DEAs, general advantages of GC-DEAs include: possibility of implementation with nearly any kind of powder-membrane couple; handling of solid state materials instead of fluids; less challenges for sealing; longer lifetime; broader working temperature range. Disadvantages seem to be mostly related to a lower maximum allowed size, owing to the higher viscosity of powders.
Regarding near-term developments, the GC concept might be experimented with other kinds of low-cost and easilyavailable fine powders. For instance, we have already tested cacao powder, obtaining results analogous to those with talcum. Glass-made and plastic-made micro-spheres are currently being evaluated, as a possible optimization to limit viscosity of the coupling medium.
Besides optimizing properties of the granular material, future investigations might also explore potential advantages of mixed mode (fluid and solid) coupling. In fact, intermediate values of viscosity might provide an effective trade-off.
